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ABSTRACT: When discrete element method (DEM) simulations are carefully coupled with equivalent physi-
cal experiments, conclusions about the micro-mechanics of underlying the observed material response can be
made with confidence. A novel approach to simulating triaxial tests with DEM using circumferential periodic
boundaries has been developed by the authors. In an earlier study, this approach was validated experimentally
by considering a series of laboratory monotonic triaxial tests on specimens of uniform and non-uniform steel
spheres. The current paper extends this previous research by simulating the response of specimens of about
15,000 steel spheres subject to unload/reload cycles in quasi-static triaxial tests. In general, good agreement
was attained between the physical tests and the DEM simulations. The paper also discusses use of the DEM
simulation results to explore the particle-scale mechanics during the load reversals.
1 INTRODUCTION
Quantitative validation of discrete element methods (DEM) is essential to develop confidence amongst both
researchers and practising engineers that DEM can reliably be used to analyse boundary value problems in-
volving granular materials. Granular materials form statically indeterminate systems, consequently analytical
solutions, suited to DEM validation, can only be developed for a small number of analysis cases involving lat-
tice packings (e.g O’Sullivan et al. (2004)). The alternative is to validate DEM codes using physical test data,
however care must be taken in the design of the physical test (O’Sullivan et al. 2002). The research described
here forms part of a broader study to both validate an axisymmetric framework for DEM analyses and to explore
the micromechanics of granular material response in the triaxial cell.
2 OVERVIEW OF LABORATORY TESTS AND NUMERICAL SIMULATIONS
2.1 Laboratory Test Configuration
The laboratory test approach is discussed in detail by O’Neil (2005) however a brief description is included here
for completeness. An ideal granular material, Grade 25 Chrome steel balls, was used in the physical tests as these
spheres are fabricated with tight tolerances (the sphere diameter and sphericity is controlled to within 7.5× 10−4
mm during fabrication), and so the particle geometry can be accurately replicated in the numerical model. As
measured by the manufacturer, Thomson Precision Ball, the sphere material density is 7.8× 103 kg/m3, the
shear modulus is 7.9× 1010 Pa, the Poisson’s ratio was 0.28. The inter-particle friction coefficient measured by
O’Sullivan et al. (2004) for equivalent spheres (0.096) was assumed here, while the sphere-boundary coefficient
was measured by Cui (2006) in a series of tilt tests to be 0.228.
Two specimen types were considered, the uniform specimens contained spheres of radii of 2.5 mm, while
the non-uniform specimens contained a mixture of spheres with radii of 2 mm, 2.5 mm and 3 mm in a 1:1:1
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Figure 1: Specimen configuration
mix. The specimens were 101 mm in diameter and 203 mm high. The samples were prepared by sealing the
latex membrane against the inside of a cylindrical mould using a vacuum. The spheres were then placed using a
funnel with a long shaft, the height of the shaft was increased 5 times during the specimen preparation process.
The uniform specimens had a void ratio of 0.616, while the non-uniform specimens had a void ratio of 0.605.
A representative physical test specimen is illustrated in Figure 1(a) and all the specimens were tested under a
vacuum confinement of 80kPa.
2.2 Numerical Simulation
The numerical simulations used a three dimensional DEM code. As described by O’Sullivan et al. (2004) this
code is a modified version of the Trubal Code developed by Cundall and Strack (1979). In the simulation
approach adopted here, the axi-symmetric geometry of the triaxial cell is recognised, and only one quadrant
of the cell is modelled. To maintain a continuous contact network in the circumferential direction two vertical,
orthogonal circumferential periodic boundaries are introduced in the model, as illustrated in Figure 1(b). As
described by Cui (2006), contact is detected between particles close to one periodic boundary and particles
along the other periodic boundary by multiplying the particle coordinates by an orthogonal rotation tensor. The
rotation tensor is also used to rotate the contact force vector for application to the particles, where appropriate.
The model also considered the flexible latex membrane enclosing the specimen. A force was applied to
each of the spheres on the outside of the specimen to maintain the required confining pressure. To calculate the
forces required a Voronoi diagram was constructed considering the centroids of the these outer spheres. The
force applied to each sphere was then equal to the product of the Voronoi cell surrounding that sphere and the
required cell pressure. A subplot of the Voronoi used to calculate the forces is given in Figure 1(c).
2.3 Test Description
Both the physical tests and the numerical “virtual” tests were strain controlled, and the confining pressure (σ3)
was maintained constant. The earlier study of Cui et al (2006) considered monotonic tests, however in the
current study the specimens were subject to two load reversals prior to the peak. The first load reversal was
carried out when approximately 50% of the peak deviatoric stress was mobilised, while the second load reversal
was carried out when approximately 75% of the peak deivatoric stress was mobilised. The peak deviatoric
stress was measured in monotonic tests to be 75 kPa for the uniform specimens, and 80 kPa for the non-uniform
specimens. For both load reversals the deviatoric load was reduced to about 0 kPa, and the specimen was
subsequently re-loaded, maintaining quasi-static conditions throughout. The objectives of simulating these tests
in addition to the earlier monotonic triaxial tests were to extend the range of loading conditions under which the
validity of the DEM model was tested and to explore the influence of the unload-reload cycles on the material
fabric.
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2.4 Comparison of physical tests and numerical simulations
Figures 2 and 3 compare the macro-scale results of the physical tests and the DEM simulations for the uniform
and non-uniform specimens respectively. In both Figures 2(a) and 3(a), the response of the specimen over the
entire test period is illustrated, while Figures 2(b) and 3(b) illustrate the response during the unload/reload
cycle in more detail. A hysteretic response is clearly evident by (refer to Figures 2(b) and 3(b)), indicating
energy dissipation took place during these unload/reload cycles. The macro-scale results of the physical tests
and the DEM simulations for the two types of specimen are also summarized in Table 1. Considering Figures
2 and 3 it can be concluded that the DEM model succeeded in capturing the specimen response relatively
effectively. However, for both simulations, after the second unload/reload cycle, the deviatoric stress mobilised
in the DEM simulation was lower than in the physical test, and this difference was more marked for the non-
uniform specimen.
Figure 4 and Table 1 compares the response observed in the current DEM simulations with the earlier
monotonic simulations of Cui (2006). These simulations were identical, apart from the two load reversal cy-
cles applied in the ”load/unload” cases. No significant difference in the macro-scale specimen response as a
consequence of the load reversals was observed.
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Figure 2: Comparison of stress-strain response between the laboratory triaxial test and DEM simulations on the
uniform specimen
No of Balls Void Ratio
(
σ1−σ3
σ1+σ3
)
peak
εa at
(
σ1−σ3
σ1+σ3
)
peak
Load - Unload Tests
Lab Test - uniform 15382 0.616 19.2◦ 9.0%
Simulation - uniform 3852 (15408) 0.615 19.2◦ 8.6%
Lab Test - non-uniform 14334 0.605 18.9◦ 6.7%
Simulation - non-uniform 3464 (13856) 0.604 18.4◦ 7.4%
Monotonic Tests
Lab Test - uniform 15390 0.615 18.7◦ 9.2%
Simulation - uniform 3848 (15392) 0.617 19.2◦ 9.2%
Lab Test - non-uniform 14349 0.604 18.8◦ 7.6%
Simulation - non-uniform 3464 (13856) 0.604 20.0◦ 8.0%
Table 1: Comparison of the Laboratory tests results and the simulation results for monotonic and unload/reload
tests
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Figure 3: Comparison of stress-strain response between the laboratory triaxial test and DEM simulations on the
non-uniform specimen
3 MICROSCALE RESPONSE
The DEM simulation results provided the necessary information to examine the influence of the load reversals
on the specimen fabric. In the first instance the distribution of contact forces in the specimen was examined, with
special consideration given to three zones in the specimen, as illustrated in Figures 5 and 6. A visual comparison
of Figures 6(a) and 6(c) illustrates that the geometry of the network of strong force chains transmitting the
deviatoric load through the specimen is modified by application of the load reversal. It is difficult, however, to
develop any quantitative conclusions regarding the distribution of the contact forces from these diagrams.
Tables 2 and 3 consider the average contact forces immediately prior and subsequent to the load reversals. It
is interesting to note that for both specimens, and both load reversals, the average contact force reduces and the
coordination number increases in the specimen. (The coordination number was calculated as N = 2Nc
Np
where
Nc the number of contacts and Np is the number of particles.) The change in the coordination number indicates
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Figure 4: Comparison of the DEM simulations between the monotonic triaxial test and the load/unload triaxial
test (with area correction)
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Average contact force (N) Coordination number
Uniform specimen 1st unload cycle Outset 68.5 5.79
End 66.5 5.87
2nd unload cycle Outset 74.5 5.64
End 71.5 5.7
Non-uniform specimen 1st unload cycle Outset 71.5 5.68
End 68.5 5.83
2nd unload cycle Outset 77.4 5.55
End 73.5 5.67
Table 2: Variation in the average contact force and the coordination number following unload-reload cycles
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Figure 5: Schematic diagram of three zones selected for analysis of micro-scale response
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Figure 6: Contact forces at the outset and the end of the 2nd unload cycle for the simulation on the uniform
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Figure 7: Evolution of coordination number during unload/reload cycles
a that contacts were broken and created during the unload/reload cycle, resulting in a dissipation of energy as
reflected in the hysteretic macro-scale response. The increase in coordination number suggests that the load
reversals increase the number of particles participating in the strong force chains. Table 3 also provides some
evidence that, in the non-uniform specimen, the larger particles have more significant contribution to the strong
force chains than the smaller particles. Due to the three dimensional nature of the simulation, visual confirmation
of this conclusion is not possible. Referring to Figure 7, it is interesting to note that there is a slight variation
in the coordination number throughout the specimen, with the coordination number being slightly lower closer
to the boundaries (i.e. in Zone 1 as illustrated in Figure 5). However the trend for the unload/reload cycles to
increase the coordination number is evident in all three zones considered and the magnitude of the increase is
similar for both load reversals.
The effects of the load reversal on the specimen fabric can be further analysed by considering the evolution
of the deviator fabric during the tests (Figure 8). The fabric tensor was calculated as
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Figure 8: Evolution of anisotropy (deviator fabric) during unload/reload cycles
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Φij =
1
Nc
∑
Nc
ninj (1)
where Nc is the number of contacts, ni is the component of the unit branch vector in the i direction, and the
branch vector is the vector joining the centroids of the two contacting particles. The principal values, Φ1 , Φ2
and Φ3, and the principal directions of the fabric tensor can be calculated by considering the eigenvalues and
eigenvectors of the fabric tensor. The deviator fabric ( Φ1 −Φ3) quantifies the anisotropy of the microstructure
(see also Thornton (2000) and Cui and O’Sullivan (2006)). The fabric anisotropy decreases during the load
reversal as the deviatoric stress tends to 0 and the stress-induced anisotropy is reduced. It is important to note that
neither the coordination number, nor the deviator fabric, return to the values at the start of the test, even though
the global stresses have returned to the initial values. The material fabric therefore has been permanently altered
by straining prior to both unload/reload cycles. More interesting is the fact that following each unload/reload
cycle a net decrease in anisotropy is observed for both specimens, for both cycles and in both the uniform and
non-uniform simulations. A comparison of deviator fabric in monotonic tests and unload/reload tests is provided
in Figure 9. The global decrease in anisotropy due to load reversals in the whole stages of the simulations is
found to be smaller than the decrease immediately subsequent the load reversals.
Average contact force (N) Coordination number
R = 2 mm R = 2.5 mm R = 3 mm R = 2 mm R = 2.5 mm R = 3 mm
1st unload cycle Outset 60.87 71.59 78.28 4.44 5.65 6.96
End 58.64 68.41 75.02 4.56 5.78 7.15
2nd unload cycle Outset 65.5 76.75 85.57 4.36 5.53 6.77
End 62.41 73.04 80.99 4.46 5.63 6.93
Table 3: Variation in the coordination number for spheres with various radii in the non-uniform specimen fol-
lowing unload-reload cycles
4 CONCLUSIONS
The following points can be made to summarize the findings of the study described here:
1. This study has extended the earlier validation study of Cui (2006) to demonstrate that a DEM model, using
axi-symmetric periodic boundaries can accurately capture the response of a triaxial specimen, where the
material is subject to pre-peak unload-reload cycles.
2. The application of unload/reload cycles to a specimen pre-peak modifies the network of strong force
chains transmitting the deviatoric stress through the specimen, the average contact force tends to decrease
and the specimen coordination number tends to increase.
3. A quantitative analysis of the fabric tensor illustrates that the load unload cycles tend to reduce the fabric
anisotropy. However with increasing axial strain little difference is observed between the deviator fabric
for the unload-reload specimens and specimens tested in monotonic conditions.
Overall,the study has further illustrated the benefits of coupling physical tests and DEM simulations to gain
insight into granular material response.
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Figure 9: Comparison of deviator fabric in monotonic tests and unload/reload tests
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